Abstract-A spherical array of horn antennas designed to obtain directional channel information and characteristics is introduced. A dual-polarized quad-ridged horn antenna with open flared boundaries and coaxial feeding for the frequency band 600 MHz-6 GHz is used as the element of the array. Matching properties and coupling between the elements are investigated via measurements and numerical simulations. Radiation patterns and sum beams of the array on selected frequencies throughout the band are also presented. Based on the obtained results it is concluded that the array is a good candidate for a wideband multipath propagation studies.
I. INTRODUCTION
I N order to measure the propagation channel characteristics without antenna influence and extensive postprocessing, a spherical array of antennas is needed. The elements of the array should theoretically have medium gain, both polarizations, and cover wide frequency range. Also, in order to directly retrieve the directional channel information and to obtain sufficiently isotropic coverage, we need moderately narrow radiation beam covering the whole sphere. One possibility is to use a directional antenna with the desired characteristics on a pedestal, scanning the space to obtain directional information [1] , but this solution cannot accommodate the velocities typically involved in mobile experiments. Fast and simultaneous measurements are, however, feasible with spherical arrays. A spherical array composed of microstrip patch antennas was introduced in [2] , but the bandwidth offered by this type of antennas is generally poor.
In our previous measurement campaign, we used a spherical array of monopoles [3] with the view of increasing the bandwidth. Although successful in some aspects, it did not allow a simple estimation of directional information because the elements of the array, monopoles, were not directional, instead having maximum radiation around the circumference. This made the determination of signal direction particularly difficult in terms of postprocessing. For the next measurement campaign we therefore decided to use horn antennas to compose the array.
Horn antennas are well known for being used as primary reflector feeds, in electromagnetic compatibility measurements and for standard gain calibration purposes [4] . Their main advantages are relatively wide bandwidth, high gain, and the possibility to accommodate both polarizations within one antenna. The bandwidth can be further enlarged by introducing ridges, which, together with symmetrical feeding, substantially extend the waveguide single-mode operation [5] . As our measurement campaigns were expected to require wideband measurements from 600 MHz to 6 GHz (i.e., LTE interfaces span from 700 MHz up to 2.7 GHz) as well as both polarizations, we decided to use the ridged design with dual polarization, i.e., quadrupleridged horn antenna.
Double ridged horn antennas have been studied widely in the literature, for examples we refer to [6] - [9] . Publications on quad-ridged horns, on the other hand, are few. An early presentation of quad-ridged design, although very brief, can be found in [10] . A dual-polarized ridged horn with coaxial feeding and bandwidth from 2 to 26.5 GHz was introduced in [11] . Another original design was presented in [12] , where the quadridged horn intended for anechoic chamber operation in 2-18 GHz band was stripped off the flare boundaries while maintaining very good radiation and matching parameters. Recently, two novel designs of quad-ridged horn antennas, with full flare boundaries though, were presented in [13] and [14] , with respective bandwidths 8-18 GHz and 2-18 GHz and coaxial feeding. However, none of the papers addressed the possibility of using such antenna as an array element.
In this paper, we introduce a spherical array of quad-ridged dual-polarized horn antennas with frequency range 600 MHz-6 GHz. Focus is given on aspects relevant to using this array for obtaining channel characteristics and directional information. In particular, we present reflection coefficient , coupling and radiation patterns. The data were obtained from anechoic chamber measurements and from simulation by the finite-difference time-domain (FDTD) method [15] .
II. DESCRIPTION

A. The Antenna
The element of the proposed array is a diagonal horn antenna with four ridges added for simultaneous use of both vertical and horizontal polarizations (see Figs. 1 and 2 ). The initial design of the horn antenna has been prepared using simulations in our in-house FDTD code. Optimization has been performed by sweeping through many values for the feed position, the gap between the ridges, the thickness of the ridges, the chamfering angle near the feed, and the position of the shorting strip. The 0018-926X/$26.00 © 2011 IEEE optimization had strong influence on matching, while the radiation pattern has been found to be largely insensitive to small changes in the antenna geometry. Fine tuning of the parameters has been done using measurements on a prototype.
The flare is designed with open boundary, but includes a shorting strip similar to [7] resulting from matching optimization; the strip is 20 mm wide at a distance of 80 mm from the transition waveguide. The antenna is 348 mm long, with an aperture size of 288 mm. The ridges are tapered approximating an exponential transition between the characteristic impedance of the feeding waveguide and free space. Note that the tapering of the ridges runs right from the feed in full length of the antenna. Towards the feed the ridges are chamfered to accommodate the very narrow gap resulting from tapering and to achieve higher bandwidth and lower impedance [5] .
The antenna is fed by a coaxial probe-a coaxial cable passes throughout the ridge with outer conductor connected to it and the inner conductor is attached to the opposite ridge (see Fig. 3 ). The passage is filled with dielectric material and keeps the characteristic impedance at 50 Ohms. There are two probes arranged perpendicularly to each other for excitation of both polarizations. The probes are positioned 2 mm apart, counting for 14 degrees of phase shift at the upper end of the frequency range.
The gap between the ridges at the feedpoint is one of the most crucial dimensions of the antenna. While the tapering length was kept constant, we eventually chose 1 mm as the optimum distance between the ridges at the feedpoint with respect to the reflection coefficient . We also found, however, that the tendency of the reflection coefficient is generally not monotonic with the gap width (see Fig. 4 with FDTD simulations). This is in contrast to [16] and [17] which report that the matching improves with decreasing the gap between the ridges. Exact physical explanation remains unclear to us, but we hypothesize that the size of the feed may be the cause, since the diameter of the inner conductor of the coaxial probe is 1 mm, comparable to the gap itself. Thickness of the ridges has been determined by numerical optimization as 8 mm. Reducing the overall thickness of the ridges negatively influences the performance of the antenna and also poses some practical difficulties, e.g., does not allow for the coaxial feeding through the ridges. However, large portion of the ridges has been milled out resulting in 2 mm thickness everywhere except a 10 mm wide frame at the edges-we did not find any significant influence of this modification. The benefit is reduced weight of the antenna, which is especially important when it is used as an array element. Another component of the antenna of which dimensions were numerically investigated was the cavity behind the feed, but again without noticing any considerable impact.
B. The Array
The antenna array presented in this paper has 16 previously described horn antennas arranged in a quasi-spherical pattern (Fig. 5) , with emphasis on the coverage of the upper hemisphere. The elements in the array (schematic in Fig. 6 ) are arranged into 4 groups (rows) with antennas sharing the same theta angle from the vertical axis in each group. The first group contains one element pointing directly upwards, the second group has 4 elements with , the third group has 7 elements with , pointing slightly above the horizon, and the fourth group has 4 elements with , pointing slightly below the horizon.
The described constellation has been chosen seeking the highest possible homogeneity in obtaining the directional channel information, but also with respect to practical matters like mounting and mobility. In particular, the lower hemisphere is not covered entirely due to the presence of the mounting rod and also because of generally lower probability of signal incoming from the downward direction. Generally, we were searching for the highest possible distance between any two antenna elements in order to minimize the coupling. The pattern homogeneity was, however, also expected to be improved by this approach. All the mounting pods for the antennas were arranged in such a way that the antennas are positioned on a sphere, i.e., with approximately equal distance from the geometrical center of the array. The homogeneity of the final array turned out to be satisfactory, as shown below in results. Fig. 7 shows the parameter of the horn antenna across the intended operation frequency range, obtained by measurement and FDTD simulations. This plot is a result of extensive optimization on the shape of the antenna, as we tried to find dimensions giving maximum possible bandwidth, favorable matching and well-defined radiation beam, all at the same time. The result is lower than dB in most of the frequency range of interest and lower than dB in few segments. However, there are notable differences between the measurement and the simulation which are caused by subtle mechanical changes on the final prototype (ridge gap, waveguide walls perforation) which could not be reflected in the simulation. Differences appeared also when comparing radiation patterns, therefore we decided to rely entirely on measurement in obtaining the remaining antenna parameters. One of the most important parameters of any antenna array is the amount of mutual coupling between the array elements. The results for the worst coupling in the array (approx. 40 apart) are shown in Fig. 8 . The maximum coupling in the frequency band of interest occurs at the lower end with magnitude at most dB. Only the ports with the same orientation (H-H, V-V) are significantly coupled as shown in Fig. 8 , whereas mixed polarization coupling is less than dB in all cases (not shown). It is the H-plane coupling (V-V) which turned out to be the strongest. The coupling between the two ports of the same antenna is shown in Fig. 9 .
III. RESULTS
The radiation pattern is quite insensitive to small changes in the geometry of the antenna. However, its properties change throughout the band as it is demonstrated for four selected frequencies: 776 MHz, 2.3 GHz, 4.5 GHz and 6 GHz (see Figs. 10-13 ). In this case, the measurement setup consisted of the measured element and four neighboring identical antennas tilted by 40 from the main axis ("antenna cluster"), in order to capture an image of the real-world performance of the antenna as a part of the array. Radiation patterns for the single antenna only are also included in Figs. 10-13 for comparison. The directivity (directive gain) grows with frequency ( Fig. 14) and the single beam becomes narrower (Fig. 15) , while the front-to-back ratio improves. The beam is generally wider in the H-plane than in the E-plane. At the upper frequency limit (6 GHz, Fig. 13 ) the beam is still intact with a wide flat top in H-plane and mild sidelobes in E-plane. Still, some of the sidelobes occur throughout the entire band, but these have generally lower level and they are also pointing around 40 degrees or more from the main beam, suggesting that they are caused by the influence of the four neighboring antennas.
Figs. 16-21 show the sum beams in -and -polarization of the whole spherical array composed of 16 horn antennas. The sum beam is obtained by summing power contributions from all of the antennas in the array and both polarization feeds. It shows how homogeneous the array will be in retrieving the directional channel information over the sphere. Each antenna is represented by a full 3D radiation pattern in both polarizations, including the influence of its four neighbors. These patterns are then rotated into the appropriate direction and added together. The plot center in Figs. 16-21 corresponds to the "north pole" of the spherical domain (radiation upwards) while the circumference corresponds to the downwards radiation, or "south pole". The horizontal radiation, or "the equator", is denoted by a dashed line at half distance from the center to the circumference.
From the schematic of the array (Fig. 6) it follows that the coverage in the downwards direction will be minimal, and this is indeed the case. The homogeneity is generally better when Figs. 16, 17) , or when it has many secondary sidelobes, which can be observed at the upper end of the band (6 GHz, Figs. 20, 21) . However, at higher frequencies there is also a higher probability of sharp dips in the sum radiation pattern. In particular, the homogeneity of the sum beam at 776 MHz is within 3 dB for upper hemisphere (inner part of the circle), while at 2.3 GHz we have only 4 dB and for 6 GHz even 6 dB span due to sporadic dips. These numbers apply to a 16-element array. For 32 and 62 elements in the array (uniform distribution around the sphere, not displayed) the homogeneity would be better than 6 dB and 4 dB, respectively, for both hemispheres at 6 GHz, but then the array would have a larger diameter and corresponding weight.
IV. CONCLUSION
In this paper, a spherical array with dual-polarized quad-ridged horn antenna as an element has been introduced. The 16-element array has an isotropy of max. 6 dB over the sum radiation pattern in the upper hemisphere within frequency range from 600 MHz to 6 GHz. The reflection coefficient of the horn antenna is below dB across the frequency range and the coupling between the elements is typically better than dB. The radiation pattern of a single antenna in the array shows a single well-defined beam with small sidelobes and good front-to-back ratio. The directivity reaches 12 dB for the most part of the band. Although there was a quite significant proximity effect of the neighboring antennas on the radiation pattern, this did not manifest in the coupling. We therefore conclude that the presented array is suitable for wireless propagation studies with potential for accurate estimation of signal direction.
